A diversity of T helper (Th) subsets (Th1, Th2, Th17) has been identified in the human tumor microenvironment. In breast cancer, the role of Th subsets remains controversial, and a systematic study integrating Th subset diversity, T cell inflammation, breast cancer molecular subtypes, and patient prognosis, is lacking. In primary untreated breast cancer samples, we analyzed 19 Th cytokines at the protein level. Eight were T cell-specific, and subsequently measured in 106 prospectively-collected untreated samples. The dominant Th cytokines across all breast cancer samples were IFN-γ and IL-2. Th2 cytokines (IL-4, IL-5, IL-13) were expressed at low levels and not associated with any breast cancer subtype. Th17 cytokines (IL-17A and IL-17F) were up-regulated in triple negative breast cancer (TNBC), specifically in T cell non-inflamed tumors. In order to get insight into prognosis, we exploited the METABRIC transcriptomic dataset. We derived Th1, Th2, and Th17 metagenes based on manually curated Th signatures, and found that a high Th17 metagene was of good prognosis in T cell non-inflamed TNBC. Multivariate Cox modeling selected the Nottingham Prognostic Index (NPI), Th2 and Th17 metagenes as additive predictors of breast cancer-specific survival, which defined novel and highly distinct prognostic groups within TNBC. Our results reveal that Th17 is a novel prognostic composite biomarker in T cell non-inflamed TNBC.
Introduction
It is now well established that immune cells are key players in cancer physiopathology. 1 Phenotypic characterization of the immune infiltrate in cancer revealed that immunity plays an important role as a prognostic factor among other hallmarks of cancer. 2 In particular, T cell inflamed (T-high) and T cell non-inflamed (T-low) tumors may exhibit different prognosis and response to immune checkpoint blockers. 3, 4 Among immune cells, T helper (Th) cells are central regulators of the immune response through the secretion of cytokines, and have been linked to either good or bad prognosis in various cancer types. 5 An increasing number of Th subsets have been characterized based on specific cytokine patterns. 6 These include Th1, Th2, Th17, Th9, Th22 and T follicular helper cells (Tfh). 7 Some efforts have been made to understand the role of T cells in human breast cancer pathology. 8, 9 Early studies showed that Th2 cells were present in breast cancer, 10, 11 potentially promoting tumor metastases through IL-13, 8 leading to the view that breast cancer was mostly a Th2 tumor type, and that Th2 responses were associated with poor prognosis. 10, 11 Subsequently, a Tfh signature was positively associated with survival in tumors expressing HER2, 9 suggesting that the link between Th subsets and prognosis may be influenced by the breast cancer molecular subtype. Other studies have shown the presence of IFN-γ-producing Th1 cells, associated with a good prognosis, 12, 13 while regulatory T cells (Treg) were associated with poor prognosis. 14, 15 Last, in situ studies found the presence of IL-17-producing cells, [16] [17] [18] among which the role of Th17 cells remains controversial. 19, 20 In all these studies, Th subsets were defined by the production of one subset-defining cytokine. However, diversity exists within each Th subset based on its global cytokine secretion pattern. For example, Th1 and Th2 cells have been subdivided into inflammatory and regulatory, depending on their coexpression of TNF versus IL-10, respectively. 21 Th17 cells CONTACT V. Soumelis vassili.soumelis@curie.fr U932 Immunity and Cancer, 26 rue d'Ulm, Paris 75005, France *these authors contributed equally to this work can express a diversity of cytokines besides IL-17, defining mixed profiles. [22] [23] [24] Hence, only a global assessment of Th cytokine expression patterns can provide an unbiased characterization of the various human Th subsets. A main challenge is to decipher the role played by this important diversity of Th cell subsets and cytokines in cancer.
Here, we conducted a systematic analysis of Th cytokines in human breast cancer microenvironment taking into account all different subtypes of breast cancer and the T lymphocyte infiltrate. This enabled us to link breast cancer, T inflammation and Th heterogeneity, identifying the Th17 pathway as a hallmark and prognostic signature in T-low triple negative (TN) breast cancer.
Results

Unsupervised multiparametric analysis of T cell cytokines in human breast cancer
In a cohort of 106 patients with untreated breast cancer, we have collected tumoral (T) and juxta-tumoral (pathologically non-involved) (J) tissue. All three major breast cancer molecular subtypes were represented: Luminal (66%), HER2+ (11%), TN (23%) (Figure 1(a) ). T and J were sliced in small pieces and enzymatically digested prior to analysis for secreted T cell cytokines (Figure 1(b) ). First, we asked which cytokines were specifically produced by T cells in the breast tumor microenvironment. In the first 20 patient samples, we measured T cell cytokines following 24h culture of single cell suspensions in the presence and absence of anti-CD3/anti-CD 28-coated beads. Thirteen out of 19 cytokines were significantly detected: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-33, IFN-γ, and TNF-α (Figure 1(c) ). IL-21, IL-31, IL-22, IL-15, IL-28A, and IL-17E were below detection range (Figure 1(c) ). Among detected cytokines, IL-2, IL-4, IL-5, IL-9, IL-13, IL-17A, IL-17F, and IFN-γ were found to be T cell-specific, i.e. only detected following agonistic anti-CD3/anti-CD28 polyclonal T cell stimulation. Conversely, IL-6, TNF-α, IL-33, IL-1β, and IL-10 were significantly detected both with and without stimulation by anti-CD3/28 beads, suggesting an innate, T cell receptorindependent production (Figure 1(c) ).
Subsequently, T cell-specific cytokine profiles were determined in 86 additional tumor samples, hence a final cohort of 106 patient samples with matched T and J (Figure 1(a) ). By comparing patient-matched T and J, we found that all T cellspecific cytokines were significantly higher in T compared to J (Figure 1(d) ). Levels of Th cytokines were normalized to the percentage of CD4 and CD8 T cells, to avoid a bias resulting from differences in T cell infiltration (Supplementary Figures  S1(a) ). In order to identify Th cytokine co-expression patterns, we performed a hierarchical clustering with Pearson correlation (Figure 1(e) ), which revealed three main clusters: cluster 1 expressed none or very few cytokines, cluster 2 predominantly expressed IL-2 and IFN-γ at high levels, and cluster 3 expressed all T cell-specific cytokines at variable levels. We conclude that multiple Th cell cytokines are secreted by breast cancer-infiltrating T cells, with distinct patterns of co-expression in different sample groups.
Th1, Th2, and Th17 subsets infiltrate breast cancer First, we questioned whether Th cytokine patterns were dependent on the T cell inflamed versus non-inflamed status of the tumors. We observed that T-high and T-low samples were distributed across the three clusters ( Figure  1(e) ), preventing from capturing obvious patterns. Hence, we separated samples into T-low and T-high using a cut-off at the median (Supplementary Figure S1(b) ), and repeated the clustering of the Th cytokines (Supplementary Figure S1  (c) ). This revealed distinct patterns, suggestive of specific cytokine co-regulation in relation to T cell infiltration. In T-low tumors, two main patterns were present: an IL-2-and IFN-γ-dominant expression, and a broader diversity of T cell-specific cytokines expressed at various levels. In T-high tumors, we distinguished three patterns: the two patterns observed in T-low tumors, and a pattern showing expression of all T cell-specific cytokines measured. We confirmed this differential cytokine co-regulation by analyzing the cytokine correlation matrixes in T-low and T-high tumors, respectively (Figure 2(a) ). In T-low tumors, T cellspecific cytokines clustered into three highly inter-correlated groups, characterized as Th1 for IFN-γ and IL-2, Th17 for IL-17F and IL-17A and Th2 for IL-9, IL-5, IL-13 and IL-4 ( Figure 2(a) ). Conversely, only two patterns of co-regulation were found in T-high tumors: a Th1 cluster and a mixed Th2-Th17 cluster (Figure 2(a) ).
We then wondered whether the Th1, Th2 and Th17 cytokines were produced by the corresponding Th subsets, ex vivo. We analyzed breast tumor-infiltrating CD4 T cells using intracellular cytokine staining for IFN-γ, IL-13, and IL-17, respectively associated with the Th1, Th2, and Th17 clusters. We observed that breast tumors were infiltrated by CD4 T cells producing exclusively IFN-γ, or IL-13, or IL-17, hence representing three distinct Th cell populations (Supplementary Figure S1(d) ). We also found that the majority of cells belonging to these three subsets produced only a single subsetdefining prototypical cytokine (Supplementary Figure S1 (e)), indicative of Th1, Th2 and Th17 cells, rather than T cells coproducing Th1, Th2, and/or Th17 cytokines. We conclude that Th1, Th2, and Th17 cells can be found within the same breast tumor microenvironment, each subset producing sets of highly inter-correlated subset-specific cytokines.
Th17 phenotype is associated with triple negative T cell non-inflamed breast cancer
We then asked whether these Th subsets were associated with a specific breast cancer subtype. We derived quantitative scores for the Th1, Th2 and Th17 clusters (Figure 2(a) ), representing the mean of the scaled value of all cytokines belonging to that cluster. Th scores were not significantly associated with T-low or T-high samples in the global cohort (Supplementary Figure S2(a) ). Among T-high tumors, the scores fluctuated independently of breast cancer subtype. Th cytokines by Luminex (Fig 1C) Normalized cytokine on % of CD4 and CD8 T cells (Fig 1D-E and S1C (a) Representation of the Pearson correlation matrix of the T cell cytokine expression levels (log-transformed and normalized to the T cell infiltrate) for T-low (n = 53) and T-high (n = 53) tumors. Cut-off of significance was set up to a P-value strictly inferior to 0.05 and a correlation coefficient superior or equal at 0.7. (b) Boxplots representing the levels of each Th score among the three molecular subclasses of breast cancers: Luminal, TN and HER2+, for T-low (n = 53) and T-high (n = 53) tumors. The score values correspond to the mean of the expression of the cytokine belonging to the same cluster of high correlation defined in Figure 2a for T-low tumors. In a first step, cytokine expressions were normalized to the T cell infiltrate, log-transformed and scaled, as in Figure 1 However, in T-low tumors, we found that Th1 (P = 0.005) and Th17 (P = 0.029) scores were higher in TN breast cancer as compared to Luminal (Figure 2(b) ).
Next, we asked whether clinical variables were associated with breast cancer subtypes and Th scores. We could confirm the increase of a high Elston-Ellis Grade (EE) and high ki-67 tumors in TN breast cancer and HER2 breast cancer subtypes, as compared to Luminal (Figure 2(c) ). We also found that the Th scores were higher in EE-high, as compared to EE-low tumors (Supplementary Figure S2(b) ).
In the last step, we attempted to identify the relationship of all associations between breast cancer subtypes, Th scores and clinical variables at a multivariate level. Given that Th scores and breast cancer subtype were differentially associated depending on T inflammation, we derived two variables reflecting the interaction between the Th scores and T infiltration: "Th1 X T infiltrate" and "Th17 X T infiltrate", which are the product of the respective score and the T infiltrate for each sample. We performed a multivariate logistic regression in order to determine which variables were associated with TN breast cancer as compared to Luminal breast cancer subtype. All variables identified by univariate analysis as associated with a specific breast cancer subtype (i.e. ki-67, EE, Th1, Th17, Th1 X T infiltrate and Th17 X T infiltrate) were included in the model. Backward variable selection rewarding goodness of fit -through Akaike information criterion (AIC) -excluded only the interaction of Th1 with the T infiltrate from the model. High EE, high ki-67 and high Th17 score were cumulatively associated with TN breast cancer as compared to Luminal. Moreover, the interaction term showed that high Th17 score was significantly more associated with TN breast cancer as compared to Luminal when cumulated with a low T cell infiltrate (Figure 2(d) ). Hence, our multivariate analysis uncovered that T-low TN breast cancer were associated with a Th17 phenotype, besides the previously described associations with high EE and high ki-67.
Triple negative breast tumors are enriched in a Th17 transcriptomic metagene
Taking advantage of the public METABRIC dataset, 25 containing data from 1977 breast cancer samples characterized by whole tumor transcriptomic analysis, we aimed at studying the positive association we identified between Th17 and TN breast cancer in an independent cohort offering prognostic information (Figure 3(a) ).
T cell-specific cytokines, with the exception of IFN-γ, were not detected in the METABRIC RNA dataset (data not shown), suggesting low production levels in the absence of TCR re-stimulation, as we have evidenced on ex-vivo samples (Figure 1(c) ). Therefore, to study Th phenotypes from transcriptomic data, we derived three manually curated signatures composed of key genes representative of the global Th1, Th2, and Th17 pathways (Supplementary Table S1 ). Each Th pathway signature contained Th subset-specific molecules, as well as upstream regulators and downstream targets. In order to establish a Th metagene from a Th signature, we selected the highly correlated genes of the signature in the METABRIC dataset. Then, a principal component analysis (PCA) was applied to this highly correlated genes list. The first component of the PCA defined the Th metagene. We also ensured that high values of the metagene were associated with high expression of the corresponding genes. This resulted in Th1, Th2 and Th17 metagenes (Figure 3(b) , Supplementary Figure S3(a and b) ). Lastly, we generated three groups (low, intermediate and high) for each metagene using k-means clustering (Supplementary Table S1 ). The three metagenes were strongly correlated (coefficients over 0.8). However, we could observe over 20% mismatches between the low, intermediate and high groups (Supplementary Figure S3(c) ). Only 66% of the samples were assigned to the same group for the 3 Th metagenes, meaning that 674 samples harbored different groups in their profiles of Th1, Th2, and Th17 metagenes. Hence, in spite of strong correlations, our three metagenes were variably distributed across the tumors.
In order to study the T-low tumors of the METABRIC dataset, we used CIBERSORT 26 to estimate T CD4 and T CD8 percentage among immune cells, and classified the tumors into T-low and T-high tumors with a median cutoff (Supplementary Table S1 ). For all subsequent analyses, we focused on T-low tumors, corresponding to a cohort of 988 patients. First, we could note that among the 674 samples harboring different groups, 306 were T-low (Supplementary Table S1 ). Indeed, Th1, Th2, and Th17 produced distinct classifications of the tumors, independently of the T cell estimate.
We found that the proportion of TN breast cancer was increased in the high-Th17 group, as compared to the lowand intermediate-Th17 groups (Figure 3(b) ), as identified at the protein level ( Figure 2(b and d) ).
Subsequently, we used univariate analysis to identify clinical and immunological parameters associated with a given breast cancer subtype (Luminal, HER2+, TN), in addition to Th17. We found that older age, high NPI, large tumor size, and high EE grade were significantly associated with TN breast cancer as compared to Luminal breast cancer subtype (Supplementary Figure S3(d) ), matching literature knowledge and our own results on the prospective cohort (Figure 2(c) ). Th1 and Th2 metagenes were also significantly higher in TN breast cancer as compared to Luminal and HER2+ breast cancer (Supplementary Figure S3(e) ).
We then wondered if those relationships to TN breast cancer were cumulative or if only a few of them could summarize the association. A multivariate model including the three metagenes along with age, NPI and tumor size revealed that Th17 was the most important feature to discriminate between TN breast cancer and the other subtypes (Figure 3(c) ). Luminal tumors were identified as having high Th2, together with low Th17, low NPI and older age. Her2+ tumors had high Th1, together with low Th17. As the EE grade is included in the NPI scoring, an independent model was fitted figuring the EE grade, confirming the association of Th17 metagene with TN breast cancer (Supplementary Figure S3 F ). These results suggested that Th signatures were dominant biological features discriminating breast cancer molecular subtypes.
Next, we asked whether TN breast cancer was associated with individual genes of the Th17 pathway with higher or lower specificity. By ranking those genes based on their model coefficient, we found that CCR1 and IL23A, two important genes of the Th17 downstream and upstream pathways, Univariate analyses (Fig S3D-E and Fig3D) Multivariate analyses (Fig 3C and S3F respectively, were the top genes associated with TN breast cancer (Figure 3(d) ). This result specifies the association of Th17 with TN breast cancer at the global and single gene levels. Taken together, these results provided an independent evidence for the specific and significant association between Th17 and TN breast cancer, as initially established in our prospective dataset on ex vivo-stimulated T cells.
Th17 metagene is associated with good prognosis in T-low TN breast cancer
We asked whether Th17 could be a prognostic biomarker in T-low tumors within different breast cancer subtypes. First, we assessed overall (OS) and disease-specific survival (DSS) according to the Th metagene groups (high, intermediate and low) (Figure 3(b) and Supplementary Figure S3(a and b) ). In all T-low tumors, we found a significant association of the Th17-high group with an improved OS (log-rank test with P = 0.032, Figure 4a ), but no significant association with DSS. However, in T-low TN tumors, we found a strong association between Th17-high group and both OS and DSS (log-rank OS P = 0.007 and DSS P = 0.019, Figure 4 (b) and Supplementary Figure S4(b) ). Th2-high group was associated with improved OS in T-low TN tumors (log-rank P = 0.022, Supplementary Figure S5 B) . Surprisingly, Th1-based groups were not associated with survival for any of the breast cancer subtypes (Supplementary Figure  S5(a) ).
Interestingly, Th-17 metagene prognostic role differed in the T-high cohort. Indeed, the metagene was not associated with improved survival in the total T-high cohort (log-rank OS P = 0.662 and DSS P = 0.718, Supplementary Figure S6 A) . In T-high TN tumors, we found a borderline association between Th17-high group and both OS and DSS (log-rank OS P = 0.063, and DSS P = 0.051, Supplementary Figure  S6 B ).
Cox proportional hazard models were performed to determine the variables associated with survival for all T-low tumors, and for T-low TN tumors. All variables were first included in univariate models in their continuous form (when available). Log-linearity assumption was evaluated, and the categorical form of the variable was used when the assumption was found violated. This was the case for tumor size, age, and Th2 for OS outcome, and tumor size, and Th1 for DSS. Proportional hazard (PH) assumption was also evaluated and, in case of violation, several coefficients were estimated for the variable, each coefficient describing the effect of the variable on a different time interval. For example, a variable may be positively associated to OS in [0;5], meaningless deaths of any cause during that period, but may not significantly associate to survival in the other time intervals.
Variables with a low P-value (P < 0.10) in univariate analysis (Supplementary Table S3 ) were included in a multivariate Cox model, respectively for all T-low tumors, and T-low TN tumors. A stepwise variable selection approach based on the Bayesian information criterion (BIC) was then applied. Log-linearity and PH assumption were also evaluated on those multivariate models, and the necessary modifications were implemented (different time intervals may have been chosen, depending on how the assumptions were violated). Table S3 ). In multivariate analysis, we found that higher age at diagnosis was strongly associated with poor OS, in [3; 30] only (P = 0.005). NPI was associated with poor OS in both [0; 3] and] 3; 30] (P = 0.002 and P = 0.031, respectively), with a stronger association on the first interval. Lastly, Th17 was associated with improved OS (P = 0.007). For DSS, NPI was found associated with poor survival (P ≤ 0.001). Th2 was found associated with poor DSS in]4.3; 30] (HR = 9.62 and P ≤ 0.001). Lastly, Th17 was found associated with improved DSS in]4.3; 30] (HR = 0.12 and P ≤ 0.001) (Figure 4(c) ). This revealed the specificity of the Th17 prognostic value in TN breast cancer, and the importance of stratifying tumors based on molecular subtypes.
On total T-low tumors
We then chose to explore further the Th17 -NPI interaction in the T-low TN breast cancer cohort to improve prognostic stratification towards clinical impact. We found that the group with low NPI and high Th17 metagene values presented a better survival as compared to the group with high NPI and low Th17 values (OS P = 0.00003, DSS P < 0.00001, Figure 4(d), Supplementary Figure S4(c and d) ). Furthermore, within NPI-low TN breast cancer, Th17-high patients showed a significantly improved survival (OS P = 0.016, DSS P = 0.054, Figure 4(d), Supplementary Figure S4  (c and d) ). Hence, NPI and Th17 metagene define four distinct prognostic groups in T-low TN breast cancer.
Discussion
In this study, we uncovered the implication and prognostic impact of the Th17 pathway in human TN breast cancer. Since the identification of Th subsets producing specific sets of cytokines, 6 ,27 a large number of diseases were associated with a unique Th type. 28 In cancer, it was generally shown that Th1 was associated with a good prognosis, but Th2 and Th17 associations with prognosis were study-and cancer type-dependent. 
Overall survival according to Th scoring in T-low tumors (all subtypes)
Overall survival according to Th17 scoring in T-low tumors by breast cancer subtypes Overall survival probability
Overall survival probability n HR CI 95% P n HR CI 95% P Some studies in breast cancer suggested that Th2 was the dominant profile, and that high Th2 was associated with a poor prognosis. 10, 11 It was shown that TSLP could promote a Th2 response with pro-tumoral effect in a mouse model. 8, 29 However, the prognostic impact of Th2 was not addressed in a specific patient cohort, and the expression of TSLP in breast cancer microenvironment remains controversial. 30 Other studies of Th cells in human breast cancer suggested a good prognostic impact of Th1 cells, 12, 13 and a negative prognostic impact of Treg cells, 14, 15 but without integrating the analysis of multiple Th subsets in various molecular breast cancer subtypes. IL-17E (IL-25) is another interesting cytokine acting by promoting tumor cell proliferation, and associated with bad prognosis in breast cancer. 31−33 However, IL-17E is mostly epithelial cellderived, and was not detected in our tumor-conditioned supernatants. In our study, we demonstrated that multiple Th cytokines and Th subsets co-occur within the same tumor microenvironment, without clear Th bias. Contrary to other reports, we found that Th17, and not Th1, was the most favorable prognostic signature in a subset of TN breast cancer with low T cell infiltrate, including in multivariate analysis. Hence, the prognostic value of Th subsets and signatures needs to be specifically assessed in defined cancer patient populations.
Tfh cells have been described in cancer and play an important role in promoting B cell maturation and antibody production. 34 Using transcriptomic signatures, Tfh cells were associated with survival in HER2 breast cancer, 9 although Tfh signatures were not confronted to other Th signatures in a multivariate testing. In our data, we could not detect any significant IL-21 production, which is the prototypical Tfh cytokine. Several underlying hypotheses can be proposed: i) the rarity of Tfh cells may lead to IL-21 levels below the detection limit of our assays; ii) Tfh could be present without producing IL-21; or iii) micro-environmental factors could inhibit IL-21 production by Tfh cells. In any case, further studies are needed to precisely characterize Tfh cells in the breast cancer microenvironment.
A number of studies have highlighted total T cell infiltration as a biomarker to stratify tumors in various anatomical locations. This led to the definition of T cell inflamed versus T cell non-inflamed tumors, 35 T cell inflamed being of better prognosis 36, 37 and responding more frequently to checkpoint inhibitors in many cancer types. 38 Most prognostic biomarkers in cancer were studied independently of T cell infiltration. In this study, we provide evidence that a Th17 signature is associated with good prognosis in TN breast cancer specifically in T-low tumors. We propose that other clinical and biological prognostic markers in cancer may have a different prognostic impact in T-low versus T-high tumors. This should encourage the reanalysis of established datasets following patient sample stratification according to T cell infiltration.
It was shown that TN breast cancer was the most heterogeneous subtype among all breast cancer in terms of clinical behavior, and large-scale molecular profiling. 39 Transcriptomic studies identified seven TN breast cancer subgroups, one of which is associated with an immune signature and good prognosis. 40, 41 By exploiting the large database METABRIC, we uncovered different clinical outcomes specifically based on T cell infiltration and the Th17 pathway, but not the Th1 or Th2 pathways. These results go beyond previous classifications, and shed light on a specific combination of immune parameters, with potential clinical implications.
Clinical variables in cumulative scores such as the NPI are commonly used to guide therapeutic strategies in breast cancer, 42 yet not very often integrated in combination with biomarkers. By combining our Th17 score with the NPI, we discriminated patients with a distinct prognosis, with the group having a high NPI and low Th17 showing the lowest breast cancer-specific survival. Hence, a Th-associated score improved the prognostic assessment as compared to currently used clinical and molecular parameters, which opens perspectives for improved patient stratification. Combining innovative biomarkers with known clinical and pathological variables seems a very promising avenue for optimizing prognostic evaluation in cancer.
Specific targeted therapies are lacking in TN breast cancer. 43 Whether Th17 has pro-or anti-tumoral functions remains controversial. 5, 17, 19, 44 In breast cancer, the role of Th17 differs across studies. 45, 46 Higher Th17 infiltration was shown in TN breast cancer, 17, 18 , but its specific prognostic impact was not assessed within TN tumors (stratified as Th17 high or low) or across tumor types independently of its association with TN. 47 In our study, we have established a link between Th17 and prognosis by assessing the Th17 pathway at the protein and transcriptional levels in each breast cancer subtypes. Our results associate Th17 and improved survival specifically in T cell noninflamed TN breast cancer patients. Our results pave the way for novel immune therapies aiming at enhancing this specific Th response, such as CD5/CD6 co-stimulation, 48, 49 and the cytokines IL-23 or IL-1β. 50 Improving breast cancer stratification on the basis of specific immune signatures should promote a personalized prognostic assessment, and help decisionmaking in immunotherapy strategies.
Material and methods
Human samples and patient characteristics
Breast tumor and juxta-tumor (adjacent to the tumor and pathologically exempt of malignant tumor cell infiltration) tissues from the same 106 patients were obtained within 2 h after surgical resection. Samples were collected based on the following inclusion criteria: age>18 years, pathological diagnosis of breast cancer, untreated tumors, absence of immune modulating factors (including steroids) within the past month. Exclusion criteria were any indication of neoadjuvant therapy.
Clinical characteristics of the cohort are summarized in Figure 1 (a). Patients were included prospectively. All three major molecular subclasses were represented (ER, PR and HER2 expression were determined by immunohistochemistry and tumors were classified into three groups: Luminal (ER +HER2-and PR+HER2-), TN (ER-PR-HER2-), HER2+ (HER2+)). Mean age was 61 years old, 28% of the cohort had a TNM stage I, 44% stage II and 24% stage III or higher, mean Nottingham Prognostic Index (NPI) was 3.8, with 11% of the cohort having a high NPI (NPI >5.4).
All patients signed an informed consent after approval of the study by the Internal Review Board and Clinical Research Committee of the Curie Institute. These studies were conducted in a laboratory that operates under exploratory research principles.
Breast tissues collection and digestion
Whole tumor tissues were minced into small pieces and suspended in CO 2 independent medium (Gibco) containing 5% FBS (HyClone). Tissues were digested 45 min at 37°C with 2 mg/mL Collagenase I (Sigma), 2mg/ml Hyaluronidase (Sigma) and 25 µg/ml DNAse (Roche). Cell suspension was filtered through a 40-μm nylon cell strainer (Fisher Scientific) and washed in 50 ml of PBS supplemented with 1% human serum (Biowest) and EDTA 2 mmol/L (Gibco). This tissue collection study was performed using established laboratory protocols developed and standardized by the authors.
Flow cytometry
Cell suspensions were stained with the following antibodies, and matched isotype controls: anti-CD45-APC-cy7, anti-CD3-Alexa-700 (BD Biosciences) anti-CD4-APC (Miltenyi); anti-CD 8-PE-Texas-red (Life technologies) in phosphate-buffered saline (PBS) supplemented with 1% human serum (BioWest) and 2 mM EDTA (Gibco). DAPI was used for live/dead discrimination. For intracellular staining, cells were kept overnight at 4°C in RPMI supplemented as described above. Cells were cultured 5 h at 37°C with PMA, ionomycine and 1X Brefeldine A (Ebioscience). Cells were stained with the live/ dead yellow kit (Invitrogen) for 30 min at 4°C. Then, surface staining was performed for 15 min at 4°C using the following antibodies: anti-CD3-A700 (BD Pharmingen), anti-CD4-PercP (Beckman-Coulter), anti-CD8-PE-Texas-Red (Life technologies) and anti-CD45-APC-cy7 (BD Pharmingen). Finally, cells were fixed and permeabilized according to guidelines using the manufacturer's kit (eBioscience). Cells were then stained for 30 min at room temperature with the following antibodies and matching isotype controls: anti-IL17A FITC (Biolegend), anti-IL13 APC and anti-IFNγ PC7 (ebioscience). Data acquisition was made on a Fortessa (BD) flow cytometer, and then analyzed with FlowJo software (Tree Star). Positive Facs staining were determined as compared to isotype control performed on the same cells. For all flow cytometry experiments raw data, with DAPI staining, can be provided upon request.
T cell restimulation and analysis of cytokines production
Cell suspensions were cultured in a 96 round bottom well plate (Costar) for 24 h with anti-CD3 and anti-CD28 beads (Invitrogen) at a ratio of 1 bead per living cell, and a concentration of 1.5 million cells/mL in RPMI 1640 Glutamax (Gibco) supplemented with 10% heat inactivated foetal calf serum (HyClone), 1% pyruvate (Gibco), and 1% penicillin-streptomycin (Gibco), 1% nonessential amino acids (Gibco). Culture supernatants were collected and stored at −80°C until processed. Tumors were highly variable in terms of cell viability, ranging from 10% to 90% across all samples. We choose to normalize our experimental procedure on viable cells for culture restimulation, with 150 000 viable cells in 100 mL. Viable cells were counted using a neubauer counting chamber, using tryptan blue for live/dead discrimination. However, individual viable data count for each of the 106 tumors is not provided in this study.
A single multiplex Luminex assay was used to measure the 19 following cytokines simultaneously in the supernatants: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-15, IL-17F, IL-17A, IL-17E, IL-21, IL-22, IL-28A, IL-31, IL-33, IFN-γ, TNF-α, in accordance with manufacturer guidelines (Millipore). The detection limit was 16pg/ml for IL-33 and IL-21, and 4pg/ml for the 17 other measured cytokines. Raw data can be provided upon request. In our assay, cytokine detection limits of quantification, which defined "positive reactivity", were pre-defined (before study). These studies were performed using general research investigative assays.
Cytokine dataset normalization
In order to compare the cytokine concentration across different breast cancer samples without being biased by the amount of T cell infiltration, each cytokine concentration was normalized to the percentage of T cells in the sample (sum of CD3CD4 and CD3CD8 percentages among DAPI-cells). Variables were then log-transformed to approach a normal distribution, and scaled (SD = 1) to avoid giving more weight to cytokines produced at higher concentrations. Th1, Th2, and Th17 scores were defined as the mean of the scaled, logtransformed and normalized values of highly correlated cytokine clusters.
Public transcriptomic dataset transformation
The METABRIC transcriptomic dataset was transformed as in ref.
3 for the 1977 patients for which we were able to extract survival information. In order to remove invariant and nonexpressed genes, we plotted the distribution of the mean and variance of the genes. The first time the distribution slopes reached zero values indicated the cut-off values (5.4 for the mean and 0.02 for the variance). Genes with a mean or variance value lower than the corresponding cut-off were filtered out. Breast cancer subtypes were determined according to the METABRIC annotations of ER, PR and HER2 gene expression (Luminal: ER+HER2-and PR+HER2-, TN: ER-PR -HER2-, HER2+: HER2+ tumors).
Dataset stratification in T-low and T-high cohorts
The experimentally generated dataset was subdivided in two cohorts (T-low and T-high) based on the percentage of CD4 and CD8 T cells among CD45 cells, with a median cut-off (Supplementary Figure S1 B ). The transcriptomic METABRIC dataset was also subdivided in T-low and T-high cohorts (Supplementary Table S1 ). CIBERSORT algorithm 26 was used to quantify CD4 and CD8 T cells among CD45 cells. A median cut-off was used to define T-low and T-high groups.
Metagene construction
Gene signatures of Th1, Th2, and Th17 pathways were manually curated based on literature knowledge, combining genes related to T cell parameters, as well as upstream regulators and downstream effectors for each T helper pathway (Supplementary Table S2 ).
In order to assign more weight to genes explaining a greater part of the variance, the following methodology was used to derive a Th metagene from a Th signature.
First, using the METABRIC dataset, we selected highly correlated genes within the signature. Then, a principal component analysis (PCA) was applied to those highly correlated genes. The first component of the PCA defined the Th metagene. To ensure that high values of the metagene were associated with high expression of the corresponding genes, we observed the correlation between the metagene and the mean expression of the highly correlated genes (when this correlation was negative, the metagene was multiplied by −1).
This resulted in Th1, Th2 and Th17 metagenes ( Figure S3(a and b) ). Lastly, K-means clustering was used to discriminate three groups (low, intermediate, high) for each metagene.
Statistical analysis
To compare continuous variables among different groups, Wilcoxon-Mann-Whitney test was used for groups including less than 30 patients, and for variables displaying multimodal distributions; otherwise, we used student t-test. Association between categorical variables was assessed with the chi-square test, or with the Fisher's exact test if at least one category included less than three patients. Hierarchical clustering was performed using EMA package. Ward's criterion and Pearson correlation metric were used to cluster cytokine data, while Ward's criterion and Euclidean metric were used to cluster samples.
In boxplots, lower and upper bars represent the first and third quartile, respectively, the medium bar is the median, and whiskers extend to 1.5 times the inter-quartile range. When present, the grey area shows the density, the red dot is the median, and the black dots are the cytokine values (after the normalization steps described above).
Using the glmnet package in R software, we performed multivariate logistic regression with a backward variable selection approach based on Akaike information criterion (AIC) and multinomial logistic elastic net regression in both univariate and multivariate settings were performed to assess contributions of different variables to the breast cancer subtypes. Representations of the modeling results are tables with estimate and P-values for logistic regressions, and heatmaps of the estimates for elastic net models. The lambda parameters were assessed by 10-fold crossvalidation. Only variables with a significant P-value (P < 0.05) in univariate analysis were included in the multivariate modeling.
Prognosis analysis
Survival was defined as the time between diagnosis and the occurrence of the death (602 events for overall survival (OS) and 329 events for disease-specific survival (DSS)). Patients still alive at the time of the analysis were censored at their last followup date. For the DSS outcome, patients who died of causes other than breast cancer were censored at their time of the event. OS and DSS were estimated using the Kaplan-Meier method, and survival curves were compared using a log-rank test. Univariate and multivariate Cox proportional hazard models were performed to determine the variables associated with survival. All variables were first included in univariate models in their continuous form when available. Log-linearity assumption was evaluated using a model extension with quartiles and the ordinal form of the variable was used when the assumption was found violated. Proportional hazard (PH) assumption was controlled with the Schoenfeld residuals and, in case of violation, 2 or 3 coefficients were estimated for the variable, each coefficient describing the effect of the variable on a different time interval. The time intervals were chosen based on the plots of the scaled Schoenfeld residuals as a function of time and may differ depending on the outcome (OS or DSS). Variables with a low P-value (P < 0.10) in univariate analysis were included in multivariate Cox models and were then selected using a stepwise approach based on the Bayesian information criterion (BIC). Log-linearity and PH assumption were also evaluated on the multivariate models, and the necessary modifications were implemented. Analyses were performed using R software.
